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Abstract 
Development of the 1-meter aperture Lunar Laser Ranging (LLR) telescope is underway at 
the Hartebeesthoek Radio Astronomy Observatory (HartRAO) which is expected to achieve 
sub-centimeter range precision and accuracy to the Moon, for enhanced tests of Earth-Moon 
system dynamics. Key to the operational performance of the telescope is thermal analysis of 
the telescope composite structure including the optical mirrors. This study presents a thermal 
analysis on the integrated component materials comprising the LLR telescope in ANSYS, with 
the aim of simulating its thermal behaviour in response to site-based ambient air temperature 
(TA). Results show that for a full day TA profile spanning the time period 00:00 to 23:59 the 
resulting range of simulated thermal variations measured at 12:00 midday and 23:59 nighttime 
across the telescope composite structure was found to be 9.11 ºC to 10.03 ºC and 9.12 ºC to 
9.86 ºC respectively. In particular, the spider assembly and outer tube surface had the largest 
range of thermal variations i.e. greater than absolute 1 ºC and thus, could be the main areas 
on the telescope where most thermal variations would occur. Furthermore, validation of the 
outer tube thermal variations using the 64 Resistant Temperature Detector (RTD) sensors 
mounted onto the test tube, showed relatable overall thermal variations of about 2 ºC,  at wind 
speeds of 0 to 0.4 km/h. In overall, these findings provide a typical expectation of the LLR 
telescope thermal behavior in response to TA at the site; and thus could be used as a guide to 
develop an RTD-based thermal monitoring system for the HartRAO LLR optical telescope.  
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1. Introduction  
Over the past 40 years, the occasional placement of retroreflectors on the lunar surface led 
to the evolution of the lunar laser ranging (LLR) technique. The placement was done by the 
manned APOLLO 11, 14 and 15 as well as the unmanned Soviet rover Lunakhod 1 and 2 
missions (Bender et al., 1973). These retroreflectors consists of reflective prism faces that 
return the incident laser beam to its original direction and as a result, provide the only means 
to measure the Earth-Moon distance with the LLR technique (Murphy, 2013). The LLR 
technique basically requires a telescope located at a ground station for transmitting a light pulse 
to a retroreflector on the Moon. After about 2.5 seconds the retroreflector returns the light pulse 
in the same direction; and therefore, the departure and arrival times of the light pulse are 
recorded at the station for deriving Earth-Moon distance measurements (Veillet et al., 1993). 
Development of the new LLR geodetic station is underway at the Hartebeesthoek Radio 
Astronomy Observatory (HartRAO) of South Africa. This station is planned to acquire 
enhanced (millimetre) Earth-Moon distance measurements in the Southern Hemisphere  
(Munghemezulu et al., 2016) using the refurbished ex-French 1-metre aperture telescope 
(Combrinck and Botha, 2013); and would be an addition to the five capable LLR stations based 
in the Northern Hemisphere (Noda et al., 2014), namely the McDonald Observatory (Texas, 
U.S.A), Observatoire de la Côte d'Azur (France), Apache Point Observatory (New Mexico, 
U.S.A.), Matera (Italy) and Wettzell (Germany). Considering the uneven distribution of 
capable LLR stations worldwide, the HartRAO LLR station would play a significant role in 
the continuous global monitoring of the Earth-Moon system dynamics, as well as 
understanding the processes in the complex Earth system. According to Hofmann et al., (2015), 
the current spatial distribution of LLR stations is likely to increase globally in the near future 
given the ongoing developmental efforts in other countries such as Russia (Vasilyev et al., 
2015), Japan (Noda et al., 2014) and Chile (Fienga et al., 2014). 
The LLR measurements offer potentially more comprehensive solutions for accurate probes 
of the Moon’s motion around the Earth, and the relative acceleration of both the Earth and 
Moon towards the Sun. This allows testing of the Einstein’s Equivalence Principle, General 
Relativity Theory and the Time-rate-of-change in the gravitational constant G (Nordtvedt Jr, 
1968; Williams et al., 2009; Freire et al., 2012). Some of the empirical findings based on 
analyses of long-term LLR measurements or geodetic observations to determine the dynamics 
of the Earth-Moon system include: (i) the annual Moon recession rate of about 3.8 cm away 
from the Earth (Murphy, 2013), and (ii) temporal changes in Newton's gravitational constant, 
G are constrained to (2±7)×10−13 per year which indicates the stableness of the universal force 
of gravity (Müller and Biskupek, 2007). These geodetic observations provide information that 
contributes to the derivation of global ranging data products which can be used in scientific 
activities spanning e.g. geophysics, oceanographic research, and geodesy for precise orbit 
determination and maintenance of the International Terrestrial Reference Frame (Combrinck, 
2011).   
One of the key factors in the operational performance of a ground-based optical laser 
telescope, particularly the LLR telescope, is thermal analysis of the telescope structure and 
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associated optics, based on the thermal properties of component materials and their interaction 
with the environment mainly through conventional heat transfer mechanisms (Bely, 2003, 
Greve and Bremer, 2010, Çengel and Ghajar, 2011). The relative effects induced by the heat 
transfer mechanisms e.g. conduction and convection, on the performance of the telescope vary 
both spatially and temporally (Bremer and Greve, 2011, Cho et al., 2010, Vogiatzis et al., 
2014). In particular, thermal variations across the telescope due to variable ambient air 
temperatures (hereafter, denoted TA) at the observatory site should be investigated in order to 
determine (i) the extent of their influence on the specified operational temperature range of 
critical components such as optics, detectors and supporting structure, (ii) their effect on 
achieving the pointing accuracy requirement of the telescope, and (iii) options for developing 
a thermal dynamic model for correcting the thermal variations. 
Telescope thermal variations caused by TA are usually analyzed using three widely known 
methods (Bely, 2003, Greve and Bremer, 2010). The first method entail simulating thermal 
variations using Finite element (FE) modelling software on a geometrically accurate three-
dimensional model of the telescope, coupled with corresponding thermal loads of the 
component materials and typical spatio-temporal climatic parameters (Tsela et al., 2015, Cho 
et al., 2010, Ukita, 1999, Greve and MacLeod, 2011, Vogiatzis et al., 2014). Furthermore, the 
reliability of thermal simulation results would depend to a large extent on the defined boundary 
conditions, correct parameterization of thermal loads which include e.g. TA, film coefficient of 
air temperature (hereafter, denoted h) and material thermal properties (Cho et al., 2010; 
Vogiatzis et al., 2014). The second method is infrared thermography which uses a camera to 
detect photons of thermal infrared radiant energy exiting the target object, in the two primary 
thermal infrared (optimal atmospheric transmission) windows i.e. 3 - 5 μm and/or 8 -14 μm. 
The radiant energy is converted to temperature and thereafter an image of the object’s (i.e. 
telescope’s) temperature distribution is displayed (Jensen, 2009, Greve and Bremer, 2010, 
Yang and Chen, 2011). Lastly, the third method involves installation of several temperature 
sensors on strategically identified locations throughout the telescope’s components. Thereafter, 
the acquired temperature measurements can be fed into a thermal dynamic model for timely 
monitoring, prediction and correction of the telescope’s thermal variations (Tsela et al., 2016, 
Pisanu et al., 2010, Greve, and Kaercher, 2009, Murphy et al., 2008, Greve et al., 2005, Ukita, 
1999). In this study, we opted for the first method in order to analyse thermal variations on the 
LLR optical telescope (Combrinck, 2011) based at HartRAO in South Africa.  
In particular, several studies have used the first method described above for the analysis of 
thermal variations and related deformations, coupled with their consequent effect on the 
pointing performance of ground-based optical telescopes. For example, Cho et al. (2010) 
reported structural thermal variations due to varying TA on the thirty meter telescope (TMT) 
ranging between 0.01 °C and 7.32 °C corresponding with thermally-induced deformations 
ranging between 141 μm and 993 μm respectively; and thus were shown to have a temporal 
impact on the telescope pointing with offsets ranging from 0.7ʺ to 1ʺ at selected elevation 
angles (Vogiatzis et al., 2014). Mittag et al. (2008) analysed the influence of TA on the pointing 
of the Hamburg robotic optical telescope for 16 nights (with temperatures ranging from -6.4º 
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C to 25.8º C) and found that thermal expansion of component materials primarily triggered 
misalignments of the optical axis with the tube. This expansion was responsible for the 
observed peak azimuth and elevation offsets of 40ʺ and 10ʺ respectively. Such studies indicate 
that the thermal behaviour of a site-based open-air optical telescope could impact on the 
required telescope performance (e.g. pointing) and, should therefore be investigated with 
respect to ambient climatic data, telescope’s structural design and thermal properties of 
component materials. 
The current study simulated the thermal behaviour of the integrated composite structure of 
the LLR optical telescope in ANSYS software (Lawrence, 2012) with respect to TA typical of 
the HartRAO site. The simulations indicated varying magnitude of thermal variations expected 
for the telescope tube assembly and mount structure in its operating environment. In particular, 
thermally important areas which are likely to have large thermal variations across both the 
structural and optical components comprising the telescope were highlighted. While the impact 
of these findings is yet to be tested on the pointing performance of the LLR telescope 
(Combrinck, 2014); experimental results in other studies show that such thermal variations 
could influence (i) the link length between the primary and secondary mirrors, (ii) mirror 
curvature changes, and (iii) tube structural deformations (Atwood and O'Brien, 2003, Zheng et 
al., 2012). Therefore, this study has significant implications for determining options for 
developing a thermal dynamic model that can mitigate and stringently regulate the overall 
thermal variations to <= 1 °C (Tsela et al., 2016). These corrections would facilitate 
compensating for thermally-induced misalignment of the telescope axes, and potentially 
contribute toward the achievement of the required pointing accuracy of 0.5ʺ (Combrinck, 
2014).  
 
2. System description   
Various components of the LLR telescope are currently being integrated at HartRAO 
(Combrinck, 2011) coupled with the installation of modern instrumentation and development 
of sub-systems for operating the optical telescope (Tsela et al., 2016, Munghemezulu et al., 
2016, Combrinck and Botha, 2013). This telescope is a classical Cassegrain system (Figure 1) 
comprising various component materials such as Zerodur, Aluminium T6 7075 and Low 
carbon steel 1023 with varying thermal properties (Tsela et al., 2015). These component 
materials are characteristic of (a) the concave 1-meter primary mirror and convex 0.3-meter 
secondary mirror, (b) baffle tube, inner and outer tube surfaces, and (c) primary mirror mount, 
fork assembly and outer ring support respectively (Figure 1).   
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Figure 1: (A) A 3-dimensional model showing a complete view of the 1-m aperture optical 
telescope at the Hartebeesthoek Radio Astronomy Observatory, and (B) a side-view cross 
section of the telescope indicating the material components considered for thermal analysis in 
this study. The model (B) show the spider assembly in exploded view for legibility and does 
not include the telescope base i.e., pedestal and feet material components. 
 
In principle, the outgoing/incoming laser light to/from the retro-reflectors mounted on the lunar 
surface will be transmitted/received through the primary mirror which is preferred for the sake 
of better laser light collimation (Combrinck, 2011). The telescope is expected to achieve 
pointing accuracy at 0.5 arcseconds level with estimated photons (detected at 532 nm 
wavelength) of 3-4 per minute based on the current 130 mJ, 80 pico-second pulse width system 
(Tsela et al., 2015). Currently, a prototype pointing model operated on a 125 mm dual refractor 
testbed telescope (located in a fairly stable environment) achieved RMS error values at the 0.5 
arcseconds level (Combrinck, 2014). It will be interesting to observe the extent of variation of 
the achieved values, particularly when the pointing model is tested on the actual LLR telescope 
which will be exposed to the varying thermal environment. 
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3. Methodology 
3.1. Analysis of thermal variations 
The analysis of thermal variations on the telescope composite structure (Figure 1 B) was 
performed in ANSYS software utilizing heat transfer equations [1] and [2]: 
  
ˆ ˆ ˆ( ) ( ) ( ) .Q hA T T e hA T T e hA T T ecv x x x y y y z z z             [1] 
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     [2] 
In Equation [1] Qcv  represents the convection heat transfer rate between the telescope 
components and TA at the HartRAO site. Here, h and T  (synonymous with TA) denote the 
film coefficient of air temperature (W/m2 °C) and ambient air temperature (°C) respectively; 
ˆ ˆ,e ex y and êz  denotes the unit vectors; Ax, Ay and Az represent the surface areas in meters; Tx, 
Ty and Tz are the temperatures in °C of the corresponding surfaces in three dimensional space 
of the assembled telescope structure respectively (Çengel, and Ghajar, 2011). Furthermore, in 
Equation [2] Qcd  represent the conduction heat transfer rate through the telescope component 
materials as a result of their temperature difference T  in three dimensional space; and the 
thermal conductivity k in W/mK  (Çengel, and Ghajar, 2011). Subsequent to the 
abovementioned heat transfer equations, the analysis of heat transfer by thermal radiation from 
the sun, sky and ground ought to be conducted particularly to understand the net radiation 
budget of the LLR telescope, and the overall effect on the telescope structure and operational 
performance. Such analysis is one of the important future considerations for the current study 
and will be reported in a separate paper.  
The telescope composite structure (Figure 1 B) was assumed to be at an initial temperature 
of 9 ºC and subsequently subjected to TA typical of the HartRAO site encompassing a 24 hour 
time period for a particular day in June (winter). In this study, we assumed stationary air at 
room temperature around the telescope structure by adopting a constant h value of 0.025 
W/m²C. This assumption thus excludes the wind effect during this thermal analysis. The wind 
effect including the varying h values representative of natural and/or forced convection are 
possible future considerations for the current analysis so as to approximate reality (as far as 
possible). The aforementioned ‘reality’, has so far only been analyzed with wind speeds of 0 
to 0.4 km/h in this study, to analyze whether the wind has any significant changes to the 
telescope tube thermal variations. In overall, this analysis provided insight about the magnitude 
of thermal variations on and between the telescope components, particularly how these 
components thermally behaved in response to TA. 
 
3.2. Tube assembly experiments for the validation of derived thermal simulations  
3.2.1. Tube structure and dimensions 
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The 1-meter aperture tube (Figure 2) which resembles the material and structural properties 
of the HartRAO LLR telescope tube (Tsela et al., 2015) was used in this study, to conduct 
thermal experiments that were important for validating the derived thermal simulations.  
 
 
Figure 2. Aluminum tube structure used for conducting thermal experiments 
 
The tube is a two-way separable structure with a combined length of about 2500 mm and a 
diameter of 1020 mm (Figure 2). Temperature sensors were mounted on the outer tube surface 
and arranged systematically (guided by the initial thermal simulation results reported in Tsela 
et al. (2015)) in order to measure the thermal variations across the entire tube surface. 
 
3.2.2. Temperature sensors used 
In this study, the F2020, 100 Ω, Class ‘A’ thin film resistant temperature detectors (RTDs) 
manufactured by OMEGA were selected in accordance with our thermal monitoring system’s 
design specifications (HartRAO, 2005). The sensor’s measurement accuracy levels are 
reportedly at ±0.5 ºC (or better given the observed ambient air temperature profiles of the 
HartRAO site (Tsela et al., 2015)). Notwithstanding their utilization for thermal monitoring of 
one of the world’s best LLR systems (Murphy et al., 2008), RTDs have been widely reported 
to possess excellent accuracies over wide temperature range, improved linearization, long-term 
stability and an annual drift below 0.1ºC (Greenhalgh et al., 1994; Ibrahim, 2002, Sen et al., 
2011).  
 
3.2.3. Calibration of sensors 
The testing of accurate tube-temperature readings obtained by the mounted RTDs was 
conducted in this study. The DS18B20 1-wire digital thermometer was chosen for the testing, 
and has the accuracy of ±0.5 ºC for measured temperatures between -10 ºC and +85 ºC. A total 
of 15 DS18B20 sensors were used and randomly mounted within the tube close to any of the 
64 mounted RTDs (Figure 3).  
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Figure 3. (A) Mounting of the 15 DS18B20 reference sensors within the tube. The back-end 
of the tube is fitted with polystyrene which represents an insulator, with virtually similar 
thermal properties to the 1-meter Zerodur primary mirror of the HartRAO LLR telescope. (B) 
Concealment of the 15 mounted DS18B20 reference sensors and wires within the tube using 
a grey insulation tape. 
 
In particular, the DS18B20 sensors were used to calibrate and compare tube measurements 
obtained from the RTD sensors during day and night for successive days. The discrepancy 
between the RTD and DS18B20 concurrent temperature measurements at sampled locations 
on the tube was found to be on average ±0.5 ºC, and therefore both sensor types tend to be 
reading the same tube temperature.  
 
3.2.4. Tube measurement setup 
A total of 64 RTD sensors were systematically arranged and thermally bonded on the outer 
surface of the tube (Figure 4 and Figure 5). The illustration in Figure 4 was instrumental in the 
positioning, labeling and troubleshooting of RTD sensors. In particular, the arrangement of 
sensors on the tube is such that, they are equally spaced and dense as much as possible in order 
to determine a representative distribution of thermal variations of the tube structure relative to 
TA.  
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Figure 4. Placement of temperature sensors (RTDs) on the tube. The distance between 
sensors along the tube is approximately 140 mm whereas the distance between rows, around 
the tube is 127.5 mm. 
 
The complete tube experiment setup comprising the tube, RTD sensors, digital multimeters as 
well as the wiring is shown in Figure 5. During the installation of RTD sensors it was necessary 
to verify and compare the temperature of particular RTD sensors. In particular, digital 
multimeters were used solely for this purpose. Fixed within the tube at specific, corresponding 
RTD sensor locations are the DS18B20 reference sensors. These reference sensors were used 
during the experiment as final calibration reference and to detect possible faulty sensors. The 
above procedure was necessary to ensure verified RTD sensor readings were acquired. 
 
South African Journal of Geomatics, Vol. 5. No. 3, November 2016 
382 
 
 
Figure 5. Troubleshooting and calibration setup of the tube showing the mounting and 
alignment of RTD sensors including the wiring and digital multimeters. 
  
 
4. Results and discussion 
4.1. Thermal analysis of the telescope 
For TA profile that varied from 9.1 ºC to 23 ºC at the site for a half day (00:00 – 12:00), the 
resulting minimum and maximum thermal variations measured at 12:00 midday across the 
telescope composite structure were in the range of 9.11 ºC to 10.03 ºC respectively (Figure 6). 
For a full day TA profile spanning 00:00 – 23:59 the resulting range of thermal variations 
measured at 23:59 nighttime across the telescope composite structure was 9.12 ºC to 9.86 ºC 
(Figure 7). The discrepancy between the thermal variations depicted in multicolor isotherms 
on Figure 6 and Figure 7 indicate that the telescope experience more thermal variations (and 
related structural deformations (see Tsela et al. 2015)) during day time compared to nighttime. 
Further, it is evident that the thermal response time varies per component material primarily 
due to their respective thermal properties. 
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Figure 6. Full (A) and cross-section (B) of the telescope composite structure indicating the 
resulting thermal variations measured at 12:00 midday on the telescope components, in 
response to the TA profile from the HartRAO site for the time period 00:00 – 12:00. The 
thermal variations (°C) are represented by different coloured regions, each colour being an 
isotherm region; hence more colors correspond to more variations.  Note the spider assembly 
in exploded view for legibility. 
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Figure 7. Full (C) and cross-section (D) of the telescope composite structure indicating the 
resulting thermal variations measured at 23:59 nighttime on the telescope components, in 
response to the TA profile from the HartRAO site for the time period 00:00 – 23:59. The 
thermal variations (°C) are represented by different coloured regions, each colour being an 
isotherm region; hence fewer colors correspond to fewer variations. Note the spider assembly 
in exploded view for legibility. 
 
In particular, the spider assembly and outer tube surface had the largest range of thermal 
variations i.e. greater than absolute 1 ºC with corresponding high standard deviations (Table 1) 
and thus, could be the main areas on the telescope where most thermal variations are likely to 
occur. The primary mirror surface including its mount or support structure responds slowly to 
TA with thermal variations of about 0.6 ºC (Table 1). In particular, these thermal variations had 
low variability (i.e. standard deviation) of 0.26 ºC and 0.24 ºC respectively (Table 1). 
Furthermore, the fork assembly (comprising the fork arms, elevation and azimuth mounts) had 
the smallest range of thermal variations (0.22 ºC) coupled with the lowest variability of 0.091 
ºC (Table 1). The extent of thermal variations experienced by the telescope components 
including their thermal behavior given the full-day TA profile of the HartRAO site is graphically 
shown in Figure 8. 
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Table 1. Descriptive statistics computed from the values of the telescope thermal state 
measured between 00:00 - 23:59. The sample size comprised of 145 recordings (°C) of the 
thermal state of the telescope composite structure taken at a sampling interval of 10 minutes 
within the time period of 00:00 – 23:59. The standard deviation indicates the variability of the 
145 telescope thermal state values that were measured every 10 minutes throughout the day. 
 
Model Input  
Variables  
Range (max-min) of 
thermal variations ºC 
Average thermal 
variation ºC 
Standard deviation of 
thermal variations ºC 
Ambient Air  23.2-6.4 = 16.8 13.92 6.051 
Telescope components 
Spider Assembly  10.29-9.042 = 1.248 9.680 0.445 
Outer Tube Surface  10.14-9.076 = 1.064 9.587 0.374 
Inner Tube Surface  10.06-9.073 = 0.987 9.537 0.356 
Secondary Mirror 
Reflective Surface  
9.874-9.037 = 0.837 9.497 0.346 
Primary Mirror 
Reflective Surface  
9.719-9.072 = 0.647 9.416 0.261 
Primary Mirror 
Support/Mount 
9.637-9.062 = 0.585 9.377 0.241 
Ring Support  9.440-9.091 = 0.349 9.261 0.147 
Fork Assembly 9.320-9.099 = 0.221 9.194 0.091 
 
The sharp increase in TA of the morning hours triggered the temperature change of all telescope 
components, which attempts to thermally respond to the TA profile (Figure 8). Further, the 
continual rise of TA particularly toward midday and early afternoon appears to trigger more 
thermal variations of the telescope components, with peak variations observed around 15:00 in 
the afternoon (Figure 8). During this time, we can expect the thermal state of the telescope 
composite structure not to be equipoise, coupled with high thermal variations (of some 
components) exceeding 1 ºC. While temperature of the telescope components collectively 
attempts to follow the decrease in TA, it will be interesting to observe the time it takes for the 
telescope’s thermal state to reach internal equilibrium naturally, particularly post-midnight 
(Figure 8). In overall, the thermal variations depicted in Figures 6, 7 and 8 suggests the 
significance of forced-air ventilation procedures for temperature control, as these variations 
have been shown in other studies (Atwood and O'Brien, 2003, Zheng et al., 2012, Tsela et al., 
2015) to induce structural displacements that could impact on the mirror reflective surface, link 
length between mirrors and consequent defocus of the lens. As a result, if such thermally-
induced displacements are not properly accounted for, they could be detrimental to the required 
pointing accuracy of the HartRAO LLR optical telescope.      
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Figure 8. (a) Temperature changes measured at 10 minute intervals on the telescope 
component materials in relation to TA typical of the HartRAO site during the time period 
00:00 and 23:59 for a particular full-day in June. These temperature changes represent the 
thermal variations depicted in Figures 6 and 7 for the considered component materials; (b) 
Thermal variations in (a) shown in exploded view. 
 
In particular, the corresponding range values of the secondary mirror indicate that it could be 
warmer than the primary mirror at end of day (Table 1; Figure 8). This outcome is partly due 
to the encapsulation of the secondary mirror within the spider assembly, and more importantly, 
the mechanical composition of the spider assembly (particularly at the centre where the mirror 
is mounted) appears to be manufactured in a manner that traps heat according to our thermal 
simulations (Figure 7). On the other hand, the primary mirror’s range values (Table 1) indicate 
that, toward end of day i.e. 23:59 when TA has dropped, the primary mirror would be warmer 
than any of its contacting surfaces (Figure 7, Figure 8). The apparent thermal variations of the 
mirrors are consistent with the thermal properties of the Zerodur mirror, especially their low k 
and coefficient of thermal expansion (CTE) values (Jedamzik et al., 2010). However, timely 
equalization of these thermal variations on the mirrors including their respective contacting 
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surfaces, is important for overall optical and pointing performance of the telescope (Perry, 
1943, Mittag et al., 2008). 
 
4.2. Validation of thermal simulations  
Results of temperature measurements acquired using the 64 RTD sensors mounted onto the 
outer tube surface, reveal tube overall thermal variations of about 2 ºC (Figure 9). For 
illustration purposes, the sample of measurements were taken in the morning hours of 5th May 
2016 (winter season) i.e., for the time period of 05:25 - 05:55 am and 06:45 - 07:15 am in a 
fairly stable environment marked by recorded wind speed of about 0 km/h and 0.4 km/h 
respectively. The results of the tube experiment showed that at wind speeds of 0 and 0.4km/h 
there was no significant change on the telescope (tube) thermal variations (Figure 9). Further, 
during the night or early morning hours prior to sunrise, the tube surface temperature generally 
tends to be constant, with virtually no bulk temperature fluctuations along the tube surface 
detected by the RTD sensors (Figure 9 (a)).  
 
 
Figure 9. Recorded temperature (ºC) versus time (hours) of 64 RTD sensors at two wind 
speeds, (a) 0 km/h and (b) 0.4 km/h. The wind was flowing parallel to the tube axis at the 
times of recording the RTD tube temperature measurements. 
 
A subsequent gradual rise of thermal variations can be observed and represent the tube’s 
thermal response to the fluctuations in TA (Figure 9 (b)). Additionally, this gradual rise is due 
to the tube’s horizontal position (Figure 5) which mainly exposes the upper arc of the tube 
surface to incoming solar radiation. Notably, the acquired tube-sensor temperature readings do 
not entirely overlap with each other and thus, the little gaps in between, could be an indication 
that the temperature along tube structure is not entirely the same (Figure 9). For example, this 
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assertion can be corroborated by the simulation results which showed varying temperatures 
between the middle and front-end of the tube (see Figure 6 and Figure 7). In addition, the 
observed thermal behavior of the tube from the experiment (Figure 9) show similar trends with 
the thermal simulation profile of the outer tube surface at corresponding times (Figure 8 (b)). 
Overall, the individual tube-sensor readings have a thermal variation of approximately 2 ºC 
coupled with an error of ±0.5 ºC associated with each RTD sensor.  
 
 
Figure 10. Comparison between DS18B20 and RTD temperature measurements that were 
simultaneously acquired at 15 corresponding locations on the tube for the time period 01:30 – 
06:45 am on 5th May 2016. 
 
The differences between the minimum and the maximum temperature, from the 15 sensors of 
the DS18B20 and RTD at a sampling rate of 1 second for every 15 minutes over the time period 
of 01:30 am to 06:45 am were 1.04 °C and 1.79 °C respectively (Figure 10). Additionally, the 
standard deviations for the tube temperature by the aforementioned sensors were 0.04 °C and 
0.02 °C respectively. During the night or time period considered, the tube temperature 
resembles an isotherm coupled with minor variations of the tube temperature sensor readings. 
On average, there is a notable trend agreement of a decline in tube temperature measured by 
both sensors simultaneously over the time period considered (Figure 10). Overall, these 
findings indicate that the RTD sensors used, have the potential to acquire accurate 
measurements and representative thermal variations of the telescope tube structure, and can be 
further tested on other components of the LLR telescope.  
  
5. Conclusion 
Development of the new LLR geodetic station is underway at the HartRAO of South Africa, 
and is expected to acquire enhanced (millimetre) Earth-Moon distance measurements through 
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the 1-meter aperture LLR telescope. Key to the successful achievement of millimetric Earth-
Moon distance measurements is thermal analysis of the telescope composite structure including 
the optical mirrors, with respect to the varying ambient air temperatures at the site. This study 
presented a thermal analysis on integrated component materials comprising the telescope, with 
the aim of simulating its thermal behaviour in relation to site-based ambient air temperature. 
Results show that for a full day TA profile spanning the time period 00:00 to 23:59 the resulting 
range of simulated thermal variations measured at 12:00 midday and 23:59 nighttime across 
the telescope composite structure was found to be 9.11 ºC to 10.03 ºC and 9.12 ºC to 9.86 ºC 
respectively. In particular, the spider assembly and outer tube surface had the largest range of 
thermal variations i.e. greater than absolute 1 ºC and thus, could be the main areas on the 
telescope where most thermal variations would occur. Furthermore, validation of the outer tube 
thermal variations using the 64 Resistant Temperature Detector (RTD) sensors mounted onto 
the test tube, showed relatable overall thermal variations of about 2 ºC,  at wind speeds of 0 to 
0.4 km/h. These findings have significant implications for (i) understanding the thermal 
behavior of the telescope, (ii) guiding the optimal location of sensors across thermally 
important areas of the telescope, and (iii) exploring options for developing a thermal dynamic 
model which would monitor and correct for thermal variations and subsequently feed these 
corrections into a telescope pointing model, to counteract resulting thermally-induced pointing 
offsets. In particular, thermal regulatory measures may be necessary to ensure these variations 
are equalized to <= 1º C (Tsela et al., 2016) which could contribute toward increasing the 
chance of being on-target with the retroreflectors located on the lunar surface. Additionally, 
gravity and wind are additional factors that require development of analytical models to 
investigate their induced relative effects on the pointing performance of the LLR optical 
telescope. The models, particularly on gravity-induced deformations of the telescope primary 
mirror are being studied in collaboration with other research teams at HartRAO (Nkosi et al., 
2016).  
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